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[1] Subtidal water level dynamics in the Berau river, East Kalimantan, Indonesia, feature
a pronounced fortnightly variation. The daily mean water levels at a station about 60 km
from the sea are 0.2–0.6 m higher during spring tide than during neap tide. To explain the
underlying mechanisms, a local subtidal momentum balance is set up from field data,
using continuous discharge estimates inferred from measurements taken with a horizontal
acoustic Doppler current profiler. It is demonstrated that terms accounting for friction
and variation in the water surface gradient are dominant in the subtidal momentum
balance. To further investigate the sources of subtidal water level variation, a generic
method of analysis is proposed to decompose the subtidal friction term into contributions
caused by river flow, by interaction between tidal motions and river flow, and by the tidal
motions alone. At the station under study, mainly the river-tide interaction term is
responsible for generating fortnightly variation of the subtidal water level. The
contribution from interaction between diurnal, semidiurnal, and quarterdiurnal tides to
subtidal friction is significantly smaller. Provided that the reduction of tidal velocity
amplitudes with increasing discharges can be predicted from a regression model, the
results presented herein can be used to predict changes in subtidal water levels as a result
of increased river discharges.
Citation: Buschman, F. A., A. J. F. Hoitink, M. van der Vegt, and P. Hoekstra (2009), Subtidal water level variation controlled
by river flow and tides, Water Resour. Res., 45, W10420, doi:10.1029/2009WR008167.
1. Introduction
[2] Historically, the interaction of river flow with tides
in lowland rivers has been subject to investigation by
oceanographers. In their studies on upriver tidal propaga-
tion, the river flow is generally treated as a constant,
distorting the propagation of diurnal and semidiurnal tides
[e.g., Dronkers, 1964; Godin, 1991; Jay, 1991]. Adopting
the perspective of a hydrologist, at first glance tides may
seem a periodic perturbation of the river flow. The inter-
actions of tides with the river flow are, however, not all
periodic. River-tide interaction creates steady as well as
oscillatory gradients of the subtidal (averaged over a
diurnal period) water surface, steepening the surface level
profile up to the point of extinction of the tide [LeBlond,
1979; Godin and Martı´nez, 1994]. In flat areas, the region
of influence of a permanent water level gradient and low-
frequent surface level variations potentially reaches much
further inland than diurnal and semidiurnal tidal motion
[Godin and Martı´nez, 1994].
[3] The analysis of subtidal water level variation in
response to river discharge waves requires long-term data
series of discharge. Obtaining continuous discharge esti-
mates has recently become facilitated by the development of
techniques to convert data from horizontally deployed
acoustic Doppler current profilers (H-ADCPs) to discharge
[Le Coz et al., 2008; Nihei and Kimizu, 2008; Hoitink et al.,
2009]. This paper provides an investigation of the sources
of subtidal water level variation, using continuous series of
discharge obtained from an H-ADCP in a relatively pristine
tidal river in the tropics. The tidal river dewaters a relatively
small catchment with a river discharge that varies, relatively
rapidly, around an average of about 600 m3 s1.
[4] The generation of subtidal water level variation due to
river-tide interactions can be captured in analytical one-
dimensional models [LeBlond, 1979; Kukulka and Jay,
2003a; Jay and Flinchem, 1997]. In succession to an earlier
paper on tidal river hydrodynamics [LeBlond, 1978],
LeBlond [1979] derived subtidal balance equations of mass
and momentum. These balances resulted after decomposing
the cross-section averaged river velocity into a mean flow
contribution, a contribution representing fortnightly variation
and a contribution from diurnal and higher frequency mod-
ulations. After scaling, filtering, and retaining only the first
order terms, the subtidal momentum balance revealed that
fortnightly waves are forced in shallow tidal rivers. It showed
that terms in the subtidal momentum balance other than those
representing friction and the surface elevation gradient can be
neglected. The magnitude of the subtidal friction term, in turn,
strongly depends on the tidal range and on river flow velocity,
explaining why at a constant river discharge the surface
elevation gradient features oscillations with the frequency
of a spring-neap cycle. If the mean sealevel is assumed
steady, this translates into fortnightly river level oscillation.
[5] The approach of LeBlond [1979] presumes a spectral
gap between the river flow variation and fortnightly tidal
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oscillations. That condition is usually only met in large
catchments, where intramonthly river discharge variations
are small, such as the St. Lawrence river that was investi-
gated by LeBlond [1979].
[6] Further progress in understanding subtidal surface
level variation was made by Jay and Flinchem [1997], who
obtained an analytical expression showing how in a first
order approximation the daily mean river level depends on
river velocity, tidal velocity amplitude, drag coefficient,
water depth, and parameters representing the rate of expo-
nential decrease of depth and width, in upstream direction. It
shows the river level to depend on the square of the river flow
velocity, and on the square of the ratio of tidal velocity
amplitude and river flow velocity scales. Analytical expres-
sions were also obtained for diurnal, semidiurnal and quarter-
diurnal tidal elevation amplitude.
[7] To validate the obtained expressions, Jay and Flinchem
[1997] employed continuous wavelet transforms to decom-
pose time series of surface elevation at several stations along
the Columbia river and Estuary in unsteady low-frequent,
diurnal, semidiurnal and quarterdiurnal components. They
showed that analytical expressions using those decomposed
time series captured the basic mechanisms of the river-tide
interaction in the highly dynamic Columbia river, where
discharge ranges between 2500 and over 16,000 m3 s1.
Jay and Flinchem [1997] did not elaborate on the validation
of the full expression for the daily mean river level. They
emphasized that river stage varies with the square of river
flow velocity, as in a uniform flow in which the effect of tides
is accounted for by an elevated Che´zy parameter.
[8] Godin [1999] provided an elaborate analysis of the
friction term in the momentum balance, yielding a generic
overview of periodicities involved in river-tide interactions.
Crucial in his approach is the notion that the product UjUj
can unconditionally be approximated by two terms includ-
ing the product of two constants with the first and third
order terms of the nondimensionalized velocity [Doodson,
1924]. The constants can be calculated by expanding UjUj
to Chebyshev polynomials [Dronkers, 1964]. This allows to
evaluate the subharmonics that can be expected to develop
if the amplitudes of the tidal constituents at the estuarine or
oceanic boundary of the tidal river are known. Also, the
potential zero-frequency (permanent) steepening of the water
level surface, as observed by Godin and Martı´nez [1994] in
results from a numerical model, can be explained analytically
from forcing conditions.
[9] Godin [1999] further showed that in a pragmatic
approach low-passed water levels can be regressed with tidal
range and river discharge, which already can yield satisfac-
tory results. Gallo and Vinzon [2005] used specific cases of
the overview of Godin [1999], to analyze how the MSf tide
develops in the Amazon river.
[10] Kukulka and Jay [2003b] and Kukulka and Jay
[2003a] elaborated on the work of Jay [1991], studying the
nonlinear interactions of river flow and tides in the upriver
stretches of the Columbia river at diurnal, semidiurnal,
quarterdiurnal and subtidal frequencies. To do so they
decomposed the friction term using the Chebyshev polyno-
mial approach into four contributions as in the work of
Dronkers [1964], and retained the one contribution that is
dominant upriver during high flow periods, where tidal
currents are weak. Assuming that the subtidal water surface
gradient is constant over the investigated Columbia river
reach, this allowed to obtain an analytical solution of the
subtidal momentum balance, showing how water levels
depend on river discharge and tidal discharge amplitude
when the ratio of river discharge and tidal discharge ampli-
tude is high. Remarkably, the obtained expression agreed
well with observations, even at seaward stations close to the
mouth of the Columbia river, where tidal discharge ampli-
tudes exceed the river discharge. Kukulka and Jay [2003a]
further pointed out that it may be necessary to account for
atmospheric forcing of the subtidal water level variation,
impacting especially seaward stations by about102 m per
mbar pressure increase.
[11] In this contribution a new method is presented to
analyze subtidal water level dynamics in tidal rivers, and
applied to the Berau river (East Kalimantan, Indonesia). The
method decomposes time series of discharge and water levels
into diurnal, semidiurnal, quarterdiurnal and mean flow
components, using wavelet transforms as in the work of
Jay and Flinchem [1997]. Using an approximation of the
friction term provided byGodin [1999], a new expression for
subtidal friction is derived. This new expression is used to
decompose the subtidal friction into contributions from river
flow, asymmetry of the tidal flow and river-tide interactions.
[12] The method proposed herein provides insight into
subtidal water level dynamics generated by river and tidal
flows and their interactions. This insight can be used to
attribute the commonly observed rise of subtidal water levels
at spring tide, with respect to neap tide, to river flow, river-
tide interaction and tidal asymmetry. Based on the theoretical
results as presented, a regression model can be developed
relating subtidal water levels to the aforementioned contri-
butions, aiming to predict subtidal water levels in case of
peak discharges. Predicting water levels under extreme river
discharge conditions will be feasible provided that the damp-
ing of diurnal and semidiurnal tides as a function of river
discharge can be quantified. Such predictions are relevant for
designing flood protection measures along tidal rivers.
[13] This paper continues with a description of the tidal
dynamics in the river Berau. In section 3 a local subtidal
momentum balance is set up for a cross section in the Berau
river about 60 km from the coast, using discharge and water
level data that spanned over several months. From this
momentum balance equation the local subtidal water level
gradient will be solved, and compared with subtidal water
level differences between neighboring stations to investigate
the degree in which local subtidal water level gradients
represent the regional subtidal behavior. In the subsequent
section, sources of subtidal friction are analyzed for the
station where the H-ADCP is located, aiming to distinguish
between contributions by river flow, by diurnal, semidiurnal
and quarterdiurnal tidal velocity and by interactions of the
two. The latter section is followed by a summary and
conclusions.
2. Tidal Dynamics in the Berau River
2.1. General Characteristics
[14] Located at 2 degrees northern latitude, the Berau
river is formed where two rivers join just upstream of the
village Gunung Tabur, draining about 12,000 km2 in total
(Figure 1). At the downstream end, just upstream of Batu-
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Batu village, the river splits into an estuarine network. The
Berau region is relatively pristine, void of constructions or
dikes that may affect tides or river discharge dynamics.
[15] The planform of the Berau river, including several
side channels, may be considered stable as the shorelines
appear at the same position on historical maps. Figure 2
shows the bathymetry of the Berau river, based on a survey
carried out in 2007. This bathymetry was obtained from
sailing cross transects at least every kilometer with an
echosounder and a GPS positioning system, correcting for
water level variation and interpolating along the channel. The
cross-sectional area increases more or less exponentially
going seaward.
2.2. Discharge Data Acquisition
[16] To obtain continuous discharge estimates a 600 kHz
Horizontal Acoustic Doppler Current Profiler (H-ADCP),
manufactured by RD Instruments, was deployed in the
Berau river at the village Gunung Tabur (Figure 1). Veloc-
ities were measured along the three beams of the H-ADCP
that was mounted on a solid wooden jetty at a depth of 2.07
m below mean water level. During the deployment pitch
and roll of the H-ADCP were within 1 degree, assuring that
velocities were measured at nearly the same horizontal
level.
[17] The velocities along the beams of the H-ADCP (u1,
u2 and u3), which were recorded as averages over one
minute, were smoothed by a 1.5 hours moving average
filter, removing the influences of turbulence and noise. This
procedure was followed for 150 measuring sections of 1 m
length along the middle beam (beam 3 in Figure 3). The
angle in between the three acoustic beams (q) was 25.
Velocities along-channel and cross-channel (u and v, respec-
tively) were calculated taking the s axis positive seaward
(Figure 3), according to:
u ¼ u1  u2
2 sin q
cosaþ u1 þ u2ð Þcosqþ u3
1þ 2cos2q sina ð1Þ
v ¼ u1 þ u2
2 sin q
sinaþ u1 þ u2ð Þ cos qþ u3
1þ 2 cos2 q cosa: ð2Þ
[18] The conversion of the smoothed horizontal flow
velocity data to discharge was performed using the meth-
ods and calibration data described by Hoitink et al.
[2009]. A brief description of the conversion is provided
in Appendix A.
2.3. Water Level Data Acquisition and Mean Water
Level Referencing
[19] During a field campaign in 2007 six months of
synchronous data were collected at three stations, named
Lighthouse 2, Batu-Batu, and Gunung Tabur (Figure 1).
Water levels were monitored at each of the three stations
from autonomous pressure gauges. The steady atmospheric
conditions, characteristic at low latitudes, implied minor
water level variation imposed by atmospheric pressure
dynamics.
[20] Referencing the pressure transducers to a common
benchmark could not be achieved in a straightforward
manner, because such a benchmark is not available in this
region. The difference in heights of the mean water levels at
Gunung Tabur and Batu-Batu was therefore obtained indi-
rectly. An along-channel regional momentum balance was
set up for a control volume that bounds the 29 km stretch
of the Berau river in between the two stations. At the
upstream end, discharges were obtained continuously
from the H-ADCP observations. At the downstream end,
at Batu-Batu, additional discharge estimates were obtained
from moving boat ADCP measurements taken over tidal
Figure 1. Topographical map of the Berau region.
Figure 2. Bathymetry of the Berau river showing depths
in m.
Figure 3. Definition sketch corresponding to Gunung
Tabur in the Berau river (top view). The H-ADCP measures
velocities along its three beams (u1, u2, and u3), which are
transformed to along and cross channel velocities (u and v).
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cycles at spring tide and at neap tide. The adopted approach
is described in detail in Appendix B.
[21] From the regional momentum balance the mean
water level (Z + H in Figure 4) at Gunung Tabur was
calculated to be 0.3 m higher than at Batu-Batu, while the
Che´zy coefficient amounted to 40 m1/2s1 during ebb and
45 m1/2s1 during flood (Appendix B). The difference in
mean water level between Batu-Batu and Lighthouse 2 was
estimated to be 0.2 m, which was obtained by assuming a
second order polynomial to fit through the mean water level
profile in the tidal river and a zero mean water level gradient
at sea.
2.4. Observed Water Levels
[22] Using the indirectly derived differences in mean
water level between the three stations, Figure 5 (top) shows
the minimum and maximum water levels per semidiurnal
tidal cycle with respect to a common reference level. The
tidal range at sea (station Lighthouse 2) varies from about
1 m at neap tide to about 2.5 m at spring tide, with a
pronounced daily inequality. An harmonic analysis of
water levels at this station shows that the tidal regime at
the Berau continental shelf region is mixed, mainly semi-
diurnal (Table 1). Moving inland, especially the minimum
water levels increase, whereas the maximum water levels
rise only marginally.
[23] Figure 5 (center) displays the subtidal water levels.
Moving inland from sea, subtidal water level variation is
generated that co-oscillates with the tidal range. At Light-
house 2 the variation of the subtidal water level is weak
and shows no response to tidal range. The subtidal water
level variation increases moving inland, and increases
stronger over the tidal river stretch between Batu-Batu
and Gunung Tabur than from the coastal site to Batu-Batu.
At Gunung Tabur, the subtidal water level is 0.2 to 0.6 m
Figure 4. Channel cross section, defining the water level
variation (z) around some width averaged depth (H) and the
height of the width averaged bottom with respect to a
reference level (Z).
Figure 5. (top) Minimum and maximum water levels per semidiurnal tidal cycle at Lighthouse 2 (light
gray), Batu-Batu (dark gray), and Gunung Tabur (black). (center) Corresponding subtidal water levels.
The difference in mean water level (H + Z) between Batu-Batu and Gunung Tabur was resolved by
setting up a momentum balance over the Berau river (Appendix B). (bottom) Discharge (black) and the
subtidal discharge (fat gray) at Gunung Tabur.
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higher during spring tides than during subsequent neap
tides.
[24] The higher subtidal water levels during spring tide
result from the higher discharge amplitudes at spring tide
with respect to neap tide (Figure 5, bottom). Higher dis-
charge amplitudes cause an increase of the daily mean
friction force. To transport the same volume of river water
seaward at spring tide, an increased subtidal water level
gradient is needed. Assuming that river discharge remains
constant over a spring neap cycle, the variation of the
subtidal water surface gradient with the tidal range causes
subtidal water levels in tidal rivers to be higher at spring
tide than at neap tide. Given the predominance of the main
semidiurnal constituents M2 and S2 in the Berau river, a
large portion of the subtidal variance of water levels can
be attributed to MSf oscillation.
2.5. Observed Discharge
[25] Figure 5 (bottom) shows time series of discharge at
Gunung Tabur. Generally, discharges at peak ebb and peak
flood are similar in magnitude. The ebb period is signifi-
cantly longer, accommodating the transport of river dis-
charge. At the peak river discharges measured in the period
under study, the duration of flood periods is reduced, but
flood conditions were not extinguished. During the observa-
tion periods, the subtidal discharge amounted to 605 m3 s1
on average and ranged between 135 and 1412 m3 s1.
[26] The subtidal discharge variation barely features a
variation at periods that coincide with those of known
subharmonic tides. The correlation function between sub-
tidal water levels at Gunung Tabur and subtidal discharges
was low. Even for lagged correlation functions, the maxi-
mum correlation was low (r = 0.35 at a lag of 5 hours). This
shows that the MSf discharge variation is at least an order of
magnitude smaller than the river discharge. The river dis-
charge, in turn, is shown to be highly dynamic. Local min-
imum values are separated from local peak river discharges
by merely a few days. This suggests that for relatively small
catchments like the Berau, where discharge responds rapidly
to rainfall, the river discharge can be considered uncontrolled
by the tidal motion, despite that a spectral frequency gap
between subharmonic tidal motion and river discharge var-
iation is absent [see LeBlond, 1979].
3. Local Subtidal Momentum Balance
3.1. Assumptions to be Verified
[27] Assuming absence of subtidal motions at sea, the
subtidal surface height above mean sea level at any location
along a tidal river can be obtained by integrating the sub-
tidal water surface gradient from the river mouth to the
specified location. Based on this consideration, local (i.e., at
a river cross section) subtidal surface levels are generally
assumed to co-oscillate with local subtidal surface level
gradients, and subharmonic tidal oscillation of water levels
is often linked directly to local variation in subtidal bottom
friction [e.g., Godin, 1999].
[28] The degree to which this holds depends on the
following two aspects. Firstly, it assumes that local and
regional (i.e., over a river stretch of tens of kilometers)
subtidal surface level gradients are equal. In general, this
assumption bears limited validity, since subtidal surface level
gradients vary along the river [Godin and Martı´nez, 1994].
Secondly, it assumes terms in the subtidal momentum bal-
ance other than the terms representing friction and the
pressure gradient to be negligible. At a cross section, subtidal
water surface gradients may then directly be related to flow
velocities and bottom roughness.
[29] The data set described in the former section, with
four months of discharge observations, allows to verify those
two assumptions. From the subtidal momentum balance at
Gunung Tabur the local subtidal water surface gradient can
be inferred. This gradient is compared with the regional
subtidal gradient obtained from neighboring water surface
level gauges.
3.2. General Derivation
[30] Assuming constant water density the St. Venant
equations, the governing cross section averaged local fluxes
of momentum and mass, read:
@Q
@t
þ @
@s
Q2
A
¼ gA @ Z þ H þ zð Þ
@s
þ QjQj
C2A2 H þ zð Þ
 
ð3Þ
@A
@t
þ @Q
@s
¼ 0: ð4Þ
where A(s, t) is cross-sectional area, Q(s, t) is discharge
through the considered cross section, Z(s) is width averaged
bottom height above a reference level, H(s) is mean depth,
z(s, t) is the water level with respect to a mean level (Z + H)
and C(s, t) is the Che´zy coefficient (Figure 4). The s coor-
dinate is taken positive seaward along the channel.
[31] Using the mass balance, the advection term can be
rewritten according to:
@
@s
Q2
A
¼  2Q
A
@A
@t
 Q
2
A2
@A
@s
¼  2Q
A
@A
@t
 Q
2
A2
@Am
@s
þW @z
@s
þ z @W
@s
 
: ð5Þ
Herein,W(s) denotes the channel width, which is considered
constant in time and represents both the storage width and
the flow width, and Am is the cross-sectional area beneath
mean surface level. The gradient in cross-sectional area has
been split into a term representing the gradient caused by
spatial changes in width and depth below the mean water
level, and a temporal gradient due to differences in the water
level fluctuations with respect to the mean level. Substitut-
ing the advection term in equation (3) by equation (5),
rewriting Q/A = U and averaging the resulting momentum
balance over a diurnal tidal cycle (denoted by angular
Table 1. Harmonic Analysis of Water Elevation at Sea (Station
Lighthouse 2) for Eight Tidal Constituents
Tidal Constituent Amplitude (cm) Phase ()
M2 70 350.57
S2 42 220.98
N2 10 295.26
K2 11 243.38
K1 17 155.61
O1 16 12.63
P1 7 303.79
Q1 3 10.86
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brackets), results in the following subtidal momentum
balance:
@Q
@t
 
|ﬄﬄﬄ{zﬄﬄﬄ}
Ttemp
 2U @A
@t
þ U2 @Am
@s
þW @z
@s
þ z @W
@s
  
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Tadv
þ gA @ Z þ H þ zð Þ
@s
 
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Tpres
þ gW U jU j
C2
 
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Tfric
¼ 0: ð6Þ
3.3. The Subtidal Balance at Gunung Tabur
[32] To derive the local subtidal water level gradient from
observed water level variations and discharge at Gunung
Tabur, values of C, and @Am/@s need to be determined.
[33] The bed roughness (z0) was adopted from the work
of Hoitink et al. [2009], where values of z0 were inferred
during ebb and flood at Gunung Tabur from boat mounted
ADCP transects (Appendix A). The cross section averaged
z0 determined over period of full ebb and over the period of
full flood were 2.2 103 m and 0.4 103 m, respectively.
The difference between these two roughnesses may be
related to dunes that are present in part of the cross section.
During ebb the flow faces the mildly sloping side of the
dunes, while at flood tide the dune sides with steep slopes
are exposed.
[34] The Che´zy coefficient can be obtained from z0
according to:
C ¼ 5:75 ﬃﬃﬃgp log10 12R30z0 ð7Þ
where R  A/(2(H + z) + W) is hydraulic radius [van Rijn,
1990]. The Che´zy coefficients pertaining to the cross section
at Gunung Tabur obtained accordingly amount to 56 m1/2 s1
for ebb tide and 70 m1/2 s1 for flood tide.
[35] From the bathymetry of the tidal river in the vicinity
of Gunung Tabur the longitudinal gradient of the cross-
sectional area, @Am/@s, was established to amount to 0.2 m
(see Figure 2). This fixes @W/@s at 0.03, since the cross
section averaged depth was constant in the vicinity of the
investigated cross section.
[36] With those approximations, the local subtidal surface
elevation gradient can be solved from equation (6). Figure 6
presents the variation of the four terms in the local subtidal
momentum balance, confirming that the subtidal pressure
term is dominantly balanced by subtidal friction. Those
results are in agreement with LeBlond [1979] who showed
that inertial effects are negligible in the subtidal balance of
the upper Saint Lawrence river and with Gallo and Vinzon
[2005], who found that subtidal friction has the largest
influence on MSf surface level variations in the Amazon
tidal river.
[37] The difference in Che´zy coefficients between ebb
and flood will have an effect on the subtidal momentum
balance. It was found that the Che´zy coefficient is higher
during flood, compared to ebb. The drag from the bed is
thus higher during ebb tide than during flood tide. If the
Che´zy coefficient for flood tide would have the value of the
Che´zy coefficient for ebb flow, typically the difference in
subtidal friction between subsequent spring and neap periods
remains the same. Consequently, intratidal variation of the
Che´zy coefficient has limited influence on subtidal water
level variation.
[38] Looking in detail, Figure 6 shows that the advection
term co-oscillates with the pressure term, while its magni-
tude is 6 to 10 times smaller. Despite that the Gunung Tabur
station is a location where width variations are not partic-
ularly high, the advection term, that accounts for spatial
accelerations, does play a nonnegligible role locally. The
temporal acceleration term can be considered irrelevant all
throughout the measurement period.
[39] Besides the local subtidal pressure gradient obtained
from equation (6), Figure 6 shows the regional equivalent,
which was obtained by multiplying the difference between
surface elevation at Gunung Tabur and at Batu-Batu with
the gravity acceleration and the cross-section at Gunung
Tabur. The absolute regional subtidal pressure gradient is
systematically higher, which may be attributed to a higher
regional than local friction, or to the fact that the effect of
spatial accelerations, captured in the advection term, vanish
when a momentum balance is set up for a control volume
over an increasingly larger stretch of a river.
[40] The correlation between the subtidal water level and
local subtidal water surface gradient has a skill of r2 = 0.88
for the case of Gunung Tabur. The present analysis suggests
Figure 6. Terms in the subtidal local momentum balance at Gunung Tabur (equation (6)) and a regional
equivalent of subtidal pressure gradient. The regional equivalent, including the difference between mean
water level at Batu-Batu and Gunung Tabur (Appendix B), is for comparison with local values.
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that such a high correlation, which is implicitly assumed in
many studies, can be partly explained from the fact that the
advection term and the local pressure gradient term in the
subtidal momentum balance covary.
4. Sources of Subtidal Friction
4.1. Method of Analysis
[41] Godin [1999] presented an elaborate algebraic
development of the friction term in a momentum balance
setup for tidal river applications. He describes the subhar-
monics, harmonics at tidal frequencies and superharmonics
that result from interactions between an indefinite number of
basic harmonics with arbitrary angular frequencies and phase
inclinations, by substituting those in a cubic approximation
of UjUj in the friction term. This has yielded general insight
into the redistribution of tidal energy in the frequency
domain, under the influence of river flow.
[42] The present approach uses field data from a cross
section in a tidal river to derive subtidal friction. The
approach retains the approximation of the friction term as
in the work of Godin [1999]. For the basic harmonics,
however, a set of angular frequencies were chosen that
coincide with the array of angular frequencies pertaining
to a wavelet transform of the measured velocity. The set
of angular frequencies was chosen such that it includes
the angular frequencies of diurnal, semidiurnal and quarter
diurnal tidal components, which altogether explain the vast
majority of velocity variance at tidal frequencies.
[43] When a wavelet analysis is then applied to a local
time series of U, the results of the algebraic development
can be used to decompose subtidal variation of friction into
contributions caused by the river flow, by tidal asymmetry,
and by the interaction between river flow and the various
tidal constituents. In the remainder of this section this new
method of analysis is applied to the case of the station at
Gunung Tabur.
4.2. Decomposing the Subtidal Friction
[44] The product UjUj in the friction term (equation (6))
is a nonlinearity that may be approximated with the Cheby-
shev polynomial approach Dronkers [1964]. Using only the
first and third order terms of the nondimensionalized
velocity is sufficient to obtain an accurate approximation
[Godin, 1991, 1999]. Adopting the latter approximation
and averaging the friction term over a tidal cycle yields:
gW
2pC2
Z 2p
0
U jU jdt  gWU
2
m
2pC2
Z 2p
0
a ~U þ b ~U3 	dt ð8Þ
where ~U is the velocity nondimensionalized by the max-
imum velocity (Um). The constants a and b take the values
0.3395 and 0.6791, respectively [Godin, 1999]. The con-
stants arise from using Chebyshev polynomials to approx-
imate UjUj guaranteeing the least maximum absolute error
[Godin, 1999].
[45] The approximation of UjUj [Godin, 1999] was
compared to the more common approximation of UjUj by
Dronkers [1964]. In the approach of Dronkers [1964], U is
nondimensionalized by tidal velocity amplitude. The result-
ing approximation consists of four terms with coefficients
that depend on the ratio of river flow velocity and tidal
velocity amplitude. Besides terms including U and U3 (as in
equation (8)), terms including U2 and U4 are present. Using
the approximation of UjUj according to the work of Godin
[1999], the absolute error was maximally 0.03 m2 s2 and
averaged 0.02 m2 s2. The approximation as in the work
of Dronkers [1964] gave lowest maximum absolute error
when the mean river velocity and the mean spring velocity
amplitude were used to nondimensionalize U. In that case,
the maximum and mean absolute errors were the same as for
the approximation according to the work of Godin [1999].
This supports the use of the more simple approach of Godin
[1999].
[46] A set of tidal constituents within the diurnal or
semidiurnal species can be lumped into a single combined
harmonic, with varying amplitude and phase (equations (13)
and (14) in Hoitink et al. [2003]). This can analogously be
done for tidal constituents in the quarter diurnal species.
Considering that velocity variation over a diurnal tidal cycle
occurs predominantly at diurnal, semidiurnal and quarter-
diurnal frequencies, ? can be approximated according to:
~U  ~U0 þ ~U1 cos wt þ f1ð Þ
þ ~U2 cos 2wt þ f2ð Þ þ ~U4 cos 4wt þ f4ð Þ ð9Þ
where ~U0 is nondimensional subtidal velocity, ~U1, ~U2 and
~U4 are diurnal, semidiurnal and quarterdiurnal nondimen-
sional velocity amplitudes, respectively, w is the angular
frequency of the diurnal tide and f1, f2 and f4 are diurnal,
semidiurnal and quarterdiurnal phase lags, respectively.
Substituting equation (9) in equation (8) yields after
elaboration:
U2mWg
2pC2
Z 2p
0
a ~U þ b ~U3 	dt ¼
U2mWg
C2
a ~U0 þ b ~U30|ﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄ}
Sr
þ 3b
2
~U0 ~U
2
1 þ ~U0 ~U22 þ ~U0 ~U24
 	
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Srt
0
BB@
þ 3b
4
~U21
~U2 cos 2f1  f2ð Þ þ ~U22 ~U4 cos 2f2  f4ð Þ
 	
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
St
1
CCA
ð10Þ
[47] The terms indicated by Sr, Srt and St quantify the
contributions by river flow alone, river-tide interactions and
tidal asymmetry to the generation of subtidal friction
(respectively). The product a ~U0 is the only component
in the equation that is not a triple product of velocity. It
potentially has the highest contribution to subtidal fric-
tion, since ~U never exceeds unity.
[48] Considering that ~U0 and ~U2 are in general substan-
tially larger than ~U1 and ~U4, equation (10) shows that Srt
will be dominant over St in many regions. Inspection of Srt
reveals that the relative contribution of a species is propor-
tional to its amplitude squared. If a semidiurnal tidal wave
becomes more asymmetric at a constant river discharge and
energy transfer occurs to quarterdiurnal tidal oscillation, Srt
can be expected to increase as the ~U4 generally increases
more than that ~U2 decreases. The phases of the tidal species
W10420 BUSCHMAN ET AL.: SUBTIDAL WATER LEVEL VARIATION
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are irrelevant to subtidal friction resulting from the river-tide
interaction, because they do not appear in Srt.
[49] In natural tidal rivers, velocity amplitudes remain
largely constant along the channel, as the energy losses
by friction are compensated for by channel convergence
[Savenije, 2005]. River flow velocity decreases in down-
stream direction as a result of the increase of channel width.
The contribution of Srt to subtidal friction thus decreases
when going downstream.
[50] The magnitude of St is very much dependent on the
relative phases of the different tidal constituents. Whereas
contributions to subtidal friction due to river flow and river-
tide interactions are always positive, St can either be
positive or negative, depending on the phases of tidal
constituents. The contribution of St is absent when 2f1 
f2 = 2f2  f4 = 0, and is maximal when both 2f1  f2
and 2f2  f4 equal ±180. The absolute contribution of St
is usually highest at spring tide and lowest at neap tide.
[51] In a shallow channel, where semidiurnal tidal energy
is transferred to quarterdiurnal tidal energy, the phase dif-
ference between semidiurnal and quarterdiurnal species
usually approaches 180 [Friedrichs and Aubrey, 1988].
Phase differences between the diurnal and semidiurnal
constituents are mainly dependent on phase differences
at the estuarine or coastal boundary of the tidal river. It
would be interesting to investigate tidal rivers in mixed
diurnal-semidiurnal tidal regimes, where ~U1 and ~U2 are
equal in magnitude. If the tidal energy is spread over ~U1
and ~U2 rather than concentrated in one of the two species,
St may be expected to be larger relative to Srt.
4.3. Wavelet Analysis of Observations
[52] In contrast to harmonic analysis, continuous wavelet
theory is well suited for analyzing river tides, as it does not
assume stationarity of a time series [Jay and Flinchem,
1997; Flinchem and Jay, 2000]. In terms of the variables in
equation (9), U0 is nonstationary and acts to continuously
alter the (dimensional) amplitudes U1, U2 and U4 as well as
the phases f1, f2 and f4.
[53] By applying a wavelet transform to a time series
of either ~U or z, a wavelet power spectrum and a phase
spectrum results, from which those amplitudes and phases
can readily be derived. The cross section averaged velocity
U and the water levels z at Gunung Tabur were subjected to
a continuous wavelet transform using the Morlet wavelet
function, adopting the methods described by Torrence and
Compo [1998]. In wavelet analysis, one is limited to an
array of angular frequencies that can be written as fractional
powers of two:
wj ¼ w02j dj; j ¼ 0; 1; 2; . . . ; J ð11Þ
J ¼ dj1 log2 Ndt w0ð Þ ð12Þ
where dt is the time spacing in the data series, N dt is
window length that a wavelet covers, w0 is the highest
frequency resolved, J determines the lowest frequency and
dj is a parameter determining the frequency resolution. Here
w0 is chosen as the angular frequency of the M4 tide and the
window length N dt is taken as the period of the M1 carrier
wave [seeWoodworth et al., 2005; Hoitink et al., 2006]. The
minimum value for dj depends on the width in spectral
space of the wavelet function, and is about 0.5 for a Morlet
wavelet [Torrence and Compo, 1998], as adopted here.
Setting dj = 1 results in a frequency array that already would
include diurnal, semidiurnal and quarterdiurnal species, but
raising the frequency resolution provides robustness against
data noise [Flinchem and Jay, 2000].
[54] Time series of U0, U1, U2 and U4 based on wavelet
transformation of U are shown in Figure 7. The semidiurnal
species dominates the velocity signal, and features more
variation in amplitude minimums than amplitude
maximums, which remain in between 0.5 and 0.6 ms1.
Variation of the neap tide values of U2 cannot be readily
related to fluctuation of the river flow or to the other tidal
species. Values of U4 co-oscillate with U2, and 2f2  f4
typically takes a value of 180, suggesting that asymmetry of
the semidiurnal tides, captured in U4 generation, may cause
relatively large subtidal friction (equation (10)). The phase
difference 2f1  f2 is close to 230, suggesting that the
contribution to subtidal friction from the interaction between
diurnal and semidiurnal tides is usually small with respect to
the interaction of semidiurnal and quarterdiurnal tides.
[55] Figure 8 shows the wavelet transforms of water level
variations at Lighthouse 2, Batu-Batu and Gunung Tabur,
where water level amplitudes of the diurnal, semidiurnal
and quarter diurnal tidal species are denoted by z1, z2 and z4
(respectively). In the estuarine branches in between Light-
house 2 and Batu-Batu the diurnal tidal species remain
invariant, whereas the semidiurnal tidal species amplify, and
Figure 7. (top) Subtidal velocity at Gunung Tabur.
(center) Diurnal, semidiurnal, and quarterdiurnal velocity
amplitudes at Gunung Tabur. (bottom) Phase differences
between diurnal and semidiurnal tidal species (black) and
between semidiurnal and quarterdiurnal tidal species (gray).
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quarter diurnal tidal energy is generated. In the river section
between Batu-Batu and Gunung Tabur both the diurnal and
the semidiurnal species attenuate by friction whereas the
quarterdiurnal species amplify weakly. The development of
z2 in this section illustrates how friction acts to reduce the
variation in spring tide maximums of z2 in upriver direction,
whereas neap tide minimums of z2 can be just as variable at
an inland location as near the coast.
4.4. Regression Model for hz i
[56] Using the wavelet transformation of U at Gunung
Tabur, the contributions of Sr, Srt and St to subtidal friction
are shown Figure 9 (top). Clearly, the river flow has a major
influence on subtidal friction at Gunung Tabur, and exceeds
the contribution by river-tide interaction even when river flow
is significantly below the semidiurnal tidal velocity amplitude.
The interaction of the quarterdiurnal and the semidiurnal
species, resulting in longer ebb periods where the peak is
reduced and shorter but more intense flood periods, results in a
minor negative contribution to subtidal friction.
[57] Having established the contributions of Sr, Srt and St
to the local subtidal friction balance at Gunung Tabur, it is
of interest to investigate how well hzi can be predicted from
those terms, revealing the extent to which regional subtidal
water level dynamics responds to local subtidal friction
variation.
[58] Table 2 presents the skill (r2) and error variance ()
for single, dual and triple linear regression models for hzi.
Rigorously fitting hzi with either St + Srt + St or with Sr
results in surprisingly low skills of 0.43 and 0.2, respec-
tively. The best single linear fit is obtained using Srt,
resulting in a skill of 0.74, whereas the fit with the tidal
asymmetry term St is also quite high (r
2 = 0.64). Employing
a dual or triple linear regression model does not raise the
skill considerably, nor does it reduce the error variance
significantly.
[59] The poor correlation between variation in Sr and hzi
can be explained by the decrease of U0 in seaward
direction, caused by the exponential increase of cross-
sectional area. At Batu-Batu, U0 has already decreased by
about 70% relative to Gunung Tabur, whereas U1 and U2
slightly increase.
[60] The relative importance of Srt and St to subtidal
friction will further increase moving seaward. The correla-
tion between St and hzi is high, while the contribution of St
to subtidal friction is of minor importance at Gunung Tabur
(Figure 9, top). The high correlation is caused by the fact
that, although U0 does not appear in St, it does have a
control over that term since it modulates the tidal velocity
amplitudes Horrevoets et al. [2004]. This river control over
U1, U2 and U4 is also relevant to the magnitude of Srt.
[61] The former regression analysis may be compared to
results obtained by adopting the approaches of Godin
[1999] and Kukulka and Jay [2003a]. Godin [1999]
regressed the subtidal water level variation at Grondines
with river discharge and tidal range. A similar regression
is performed for the case of Gunung Tabur using the river
discharge (Qr) and semidiurnal tidal amplitude at Gunung
Tabur, resulting in a skill of 0.64 (Table 2). Kukulka and
Jay [2003a] used the following regression relation:
hzi ¼ c1Q2=3r þ c2
R20
Q
4=3
r
þ c3 @patm
@s
þ c4 ð13Þ
Figure 8. Diurnal, semidiurnal, and quarterdiurnal water
level amplitudes, respectively, resulting from wavelet
analysis at Lighthouse 2 (light gray), Batu-Batu (dark gray),
and Gunung Tabur (black).
Figure 9. (top) Contributions to subtidal friction at
Gunung Tabur (equation (10)) from river solely (Sr), the
interaction of tides and river flow (Srt), and interactions of
tidal species (St). (bottom) Comparison between hzi var-
iation and predictions of hzi from Srt, using results of a
linear regression (gray). See also Table 2.
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where R0 is tidal range at the estuary entrance, patm is
atmospheric pressure and c1, c2, c3 and c4 are regression
coefficients. Applying this regression model to the Berau
river, using the semidiurnal tidal amplitude at Lighthouse 2
for the tidal range at the estuary entrance and neglecting the
atmospheric pressure gradient, results in a skill of 0.62.
[62] The Figure 9 (bottom) compares variation of hzi at
Gunung Tabur from measurements and from the regression
model hzi = 4Srt. Although U0 was highest on Julian day
545, hzi was lower than two spring-neap periods later, when
U2 was similar and U0 had decreased considerably. The
additional damping of the semidiurnal and diurnal tides
apparently had a stronger effect on reducing Srt than the
raise of both Sr and Srt due to increased U0, which may
relate to the fact that U1, U2 and U4 appear quadratically
in Srt.
[63] The results obtained above potentially can be used
for a stochastic analysis of extreme water levels at a river
station. River discharge and the ratio of velocity amplitudes
of tidal species at a river site and at the coastal boundary can
be expected to correlate well [Jay and Flinchem, 1997].
Such correlations could not be established for the case of the
Berau river, because coastal currents were not monitored
continuously and the discharge time series probably need to
be longer than four months to obtain statistically significant
regression coefficients. The data series presented herein
included merely a single high discharge event that had a
clear effect on the tidal velocity amplitudes. If long-term
data on coastal currents and discharge at a river site are
available, and river site values of U1, U2 and U4 can be
estimated from that data, then the results of the regression
between hzi and Srt can be used to predict changes of hzi
in response to extreme river discharges.
5. Summary and Conclusion
[64] A new method was introduced to analyze subtidal
water level variation at a station in a tidal river where
discharge and water levels are observed continuously over
periods of months. It was verified that in the subtidal
momentum balance for this station the water level gradient
term is dominantly balanced by friction. In the subtidal
friction UjUj was approximated with a polynomial expres-
sion, including merely the first and third order terms of the
nondimensionalized velocity [Godin, 1999]. The observed
flow velocity was decomposed using wavelet theory, where
the resolved array of angular frequencies was chosen such
that the diurnal species, semidiurnal species and quarter-
diurnal species of the tides are well represented. The river
contribution to variation of flow velocity is represented by a
zero-frequency harmonic. The results of the wavelet trans-
formation can be used to obtain time series of Sr, Srt and St,
representing the contributions to local subtidal friction of
river flow, river-tide interactions and interactions between
tidal species, respectively.
[65] Several regression models were evaluated using data
from the Berau river (East Kalimantan, Indonesia), aiming
to investigate how well subtidal water level (hzi) can be
predicted from Sr, Srt and St. A straightforward approach of
regressing hzi with Sr + Srt + St yielded a surprisingly low
correlation (r2 = 0.43). The highest correlation for a single
regression was obtained when regressing hzi with Srt (r2 =
0.74). Hence the river-tide interaction component in the
local subtidal friction represents the generation of variation
in hzi along the river reach, in between the coastal boundary
and the measurement station, best.
[66] It is foreseen that in case of sufficient river discharge
variation during a monitoring period, ratios of tidal ampli-
tudes at a station to corresponding tidal amplitudes near the
coast can be related to river discharge [Jay and Flinchem,
1997]. If such relations can be obtained, then the decrease
of diurnal, semidiurnal and quarter diurnal tidal velocity
amplitudes under peak river discharges can be estimated,
and a correlation model for the prediction of hzi from Srt
can be used to estimate the value of hzi under peak river
discharge conditions. It is expected that such an approach
holds well in most tidal river environments. Only special
conditions of pronounced tidal asymmetry, caused either
by overtide generation or by interaction between astro-
nomical constituents, can theoretically result in a relatively
large contribution of St.
Appendix A: Deriving Discharge From H-ADCP
Derived Flow Velocity Profiles
[67] To convert horizontal velocity profiles inferred from
H-ADCP measurements into discharge, a semideterministic,
semistochastic method is adopted, using the methods and
calibration parameters described by Hoitink et al. [2009]. In
this appendix, a brief summary of the method is presented.
In the deterministic part of the method, the specific dis-
charge q is obtained from single depth H-ADCP data by
relying on the law of the wall:
u zð Þ
u*
¼ 1
k
ln
zþ h
z0
 
ðA1Þ
where h is local water depth, z is an upward pointing
vertical coordinate that has its origin at the water surface, u*
is the shear velocity, k is the Von Karman constant and z0
is the bottom roughness length. Velocity profiles were
Table 2. Single, Dual, and Triple Linear Regressions Models for hzi
Regression Type hzi = r2  (m2)
Single 1.6 (St + Srt + St) 0.43 0.0142
Single 1.7 Sr 0.20 0.0198
Single 17 St 0.64 0.0088
Single (plotted) 4.0 Srt 0.74 0.0065
Dual 3.0 Srt 5.7 St 0.75 0.0061
Dual [Godin, 1999] 2.8 104 Qr +0.76 z2 0.64 0.0061
Dual [Kukulka and Jay, 2003a] 5.6 103 Qr
2/3 +1.6 103 z2
2 /Qr
4/3 0.62 0.0061
Triple 0.10 Sr +2.8 Srt 6.3 St 0.76 0.0060
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shown to satisfy equation (A1) up to the surface, even
during slack water. Provided that the bed roughness z0 is
known, the specific discharge q can be obtained from u
according to:
q ¼
ln
hþ z
z0e
 
ln
s hþ zð Þ
z0
  u sð Þh: ðA2Þ
where s is the relative height defined by:
s ¼ zþ h
hþ z ðA3Þ
[68] Cross-river profiles of the bottom roughness length
z0 were inferred from 172 moving boat ADCP transect
measurements, using the following procedure. The mea-
sured velocity profiles along a transect were interpolated
on a (s, n)-grid, with 20 s layers and a 5 m cell length in the
n-direction. To remove the influence of turbulence, noise
and error in the positioning, time series of u(s, n) were
smoothed according to the methods of Schlax and Chelton
[1992], using a turnover period of 1.5 hours. Values of z0
are considered to depend only on the direction of the flow
with respect to the roughness elements (i.e., on ebb and
flood) and hence not on the flow magnitude [e.g., Cheng et
al., 1999]. For every 5 m section across the transect, a z0
was determined for full ebb flow and for full flood flow.
The profiles of z0(n) were then averaged geometrically over
the cross section.
[69] In the subsequent part of the method, Q is related to
q using the following stochastic model:
Q tð Þ ¼ fa nð ÞWq n; t þ tr nð Þð Þ ðA4Þ
where W is the channel width at the mean level, fa(n)
denotes an amplification factor that is assumed to be con-
stant in time and tr accounts for the time lag between variation
in q and Q. Based on an analysis of the relative moment in
time of the occurrence of slack water across the transect, the
following empirical function is proposed:
tr ¼ c1sin np
W

 c2þc3 ðA5Þ
where the coefficients c1, c2 and c3 were obtained from
regression. Velocity variation in the central part of the
transect lagged behind variation near the shores by about
20 minutes. After calculating Q using conventional meth-
ods [Muste et al., 2004], the amplification factors were
determined from the best fit linear line through scatterplots
of Q versus Wq(n, t + tr(n)).
Appendix B: Regional Intratidal Momentum
Balance
[70] In this appendix the difference in reference height
between two stations in a tidal river is derived by setting up
a regional intratidal momentum balance over the river
stretch between the two stations. With this reference height
difference, the mean water surface and bottom gradient over
the river stretch can be determined.
[71] The regional balance is set up for the control volume
covering the longitudinal stretch between Batu-Butu and
Gunung Tabur with length L (about 29 km). Equation (3) is
averaged over this length, yielding:
1
L
Z L
0
@UA
@t
þ @U
2A
@s
þ gA @ Z þ H þ zð Þ
@s
þ gW U jU j
C2
 
ds ¼ 0
ðB1Þ
where lateral inflow and density gradients are assumed to be
negligible. At the downstream end of the transect between
Batu-Batu and Gunung Tabur (denoted by subscripts B and G,
respectively), the longitudinal density gradients give rise to
water surface gradients of merely 1  106 at most. The cross-
sectional area A = W (H + z) can be elaborated as follows.
The width may be assumed to increase exponentially going
seaward:
W ¼ WGegs ðB2Þ
Fitting this function to measured widths of the Berau river
yields g = 4  105. In a first order approximation, velocity
(U), the bottom height above the reference level (Z) and the
mean total depth (H + z) may be assumed to vary linearly
over a 29 km reach of a tidal river as the one under study.
Substituting forA, the term in equation (B1) can be elaborated
to yield for the temporal acceleration term:
1
L
Z L
0
@ UAð Þ
@t
ds ¼ 1
L
@
@t
UG HG þ zGð Þ WB WGð Þ
g

þ UG HB  2HG þ zB  2zGð Þð
þ UB HG þ zGð ÞÞ 
WB gL 1ð Þ þWG
Lg2
þ UB  UGð Þ HB  HG þ zB  zGð Þ
WB gL gL 2ð Þ þ 2ð Þ  2
L2g3

; ðB3Þ
for the advection term:
1
L
Z L
0
@ U2Að Þ
@s
ds ¼ 1
L


U2GWB HB þ zBð Þ  U2GWG HG þ zGð Þ
þ 2WBUG UB  UGð Þ HB þ zBð Þ
þ WB UB  UGð Þ2 HB þ zBð Þ

; ðB4Þ
for the pressure term:
1
L
Z L
0
gA
@ Z þ H þ zð Þ
@s
ds ¼ g ZB  ZG þ HB  HG þ zB  zG
L2
 HG þ zGð Þ
WB WG
g

þ HB  HG þ zB  zGð Þ
WB gL 1ð Þ þWG
g2L

; ðB5Þ
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and for the friction term:
1
L
Z L
0
gW
U jU j
C2
ds ¼ g sign Uð Þ
C2
U2G WB WGð Þ
g

þ 2 UB  UGð ÞUG
L
WB gL 1ð Þ þWG
g2
þ UBUGð Þ
2
L2
WB gL gL 2ð Þþ2ð Þ2WG
g3
!
:
ðB6Þ
[72] At Gunung Tabur, H + z and U were available from
H-ADCP measurements. Close to Batu-Batu, discharge was
determined using the methods described by Muste et al.
[2004] for two periods of 12.5 hours, covering a tidal cycle
at neap tide and one at spring tide. With the obtained water
level variation at Batu-Batu and the measured bathymetry,
the roughness (C) and the difference in reference height
between the two stations (ZB  ZG) are the only unknowns
in the equations.
[73] Assuming that the Che´zy coefficient is constant
during ebb and during flood, there are three unknowns to
be solved. Those constants can be determined with the
highest accuracy using data corresponding to peak flow
conditions during both spring and neap tides. From the two
peak ebb flows at spring and at neap tide, the constant ZB 
ZG and the ebb Che´zy coefficient were calculated. It was
confirmed that using this ZB  ZG the resulting Che´zy
coefficients during peak flood flows for both spring and
neap tide were constant, supporting the ZB  ZG result.
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